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Abstract 
The aim of this paper is to present the problem of water-cement ratio reduction in structural lightweight concrete as a result of 
mixing water absorption by the lightweight aggregate. The research was carried out on eighteen concrete mixtures made of 
sintered fly ash aggregate and cement pastes of different nominal water-cement ratios. It has been demonstrated that the rate and 
the extent of the absorption of mixing water by the aggregate in concrete is dependent not only on its water absorption, but also 
on its moisture content, moisture state, the procedure of concrete preparation and the concrete composition. Moreover, it has been 
proved that the standard method for calculation of the so-called effective water-cement ratio is accurate only in the case of high 
initial moisture content of the lightweight aggregate. When dry sintered fly ash aggregate is used, the standard method gives 
underestimated values of the ratio as compared to its actual values determined in tests.  
The effect of mixing water absorption by the lightweight aggregate, revealed in tests of fresh concrete as the reduction of water-
cement ratio, was also reflected in hardened state of concrete as the increase of its strength. The strength increase was higher for 
mixtures with higher content of lightweight aggregate. Although the porous aggregate is the weakest element in structural 
lightweight concrete, in this case its higher content may be compensated with excess by the stronger cement matrix resulting 
from the reduction of water-cement ratio. 
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Nomenclature 
c cement content 
LWA lightweight aggregate 
LWAC lightweight aggregate concrete 
mc moisture content of LWA 
w mixing water content 
w eff effective water content 
WA max maximum water absorption of LWA in time, specified according to EN 1097-6 
WA t water absorption of LWA after time t, specified according to EN 1097-6 
w/c water – cement ratio  
(w/c)eff  effective water – cement ratio 
1. Introduction 
The water-cement ratio is deemed to be one of the most important factors deciding the strength and durability of 
hardened structural concrete. It is easy to establish the ratio value as long as the aggregate cannot absorb mixing 
water from fresh concrete. Generally, in the case of lightweight aggregate concrete (LWAC), due to high water 
absorption of the porous aggregate, the actual water-cement ratio is usually lower in comparison to its nominal 
value, and it is difficult to determine. There are a lot of factors influencing the actual water-cement ratio of 
lightweight aggregate concrete mixtures. The most important are: water absorption of lightweight aggregate in time, 
moisture content of lightweight aggregate, the state of moisture content in lightweight aggregate and the volume 
share of porous aggregate in concrete. Rheological properties of cement paste are additional parameters which can 
affect the actual value of LWAC water-cement ratio. 
 
The reduction of water-cement ratio in fresh concrete is usually regarded as a negative phenomenon as it can lead 
to loss of the mixture workability. As a result, in many cases the aggregate to be used in LWAC is saturated with 
water as it protects the fresh concrete from the w/c reduction and in consequence from the loss of mixture 
workability. Nevertheless, such treatment may deteriorate the properties of hardened concrete, especially concrete 
durability, which was proved e.g. in [1, 2, 3]. The worst solution used to eliminate the loss of mixture workability is 
dosing additional water directly into the mixture, apart from the mixing water, in the amount corresponding to water 
absorption of the aggregate, yet during the period of time longer than 1 – 2 hours. In many cases of LWAC the 
additional portion of water is equal to the water absorbed within 24 or 48 hours (WA24h, WA48h) or even to WAmax. In 
such situation the aggregate is unable to absorb all the excessive water while the mixture is still in the fresh state. 
That leads, in turn, to a higher w/c than was assumed and always results in lower strength and durability. 
 
On the other hand, the absorption of water by aggregate from fresh concrete may enhance adhesion of cement 
paste to the aggregate and thus the tightness of hardened concrete. It can result in higher strength and better 
durability of concrete, which was revealed in some research [4, 5, 6]. As a result, some guidelines for making 
LWAC recommend using dry aggregate or the one with initial moisture limited to the amount of water that will be 
absorbed by the aggregate within 30 minutes up to 1 hour.  
1.1. Mechanism of water absorption by lightweight aggregate in fresh concrete 
The maximum water absorption (WAmax) of lightweight aggregate may vary from a few percent up to 45 %, 
depending on the aggregate pore structure. Generally, the higher water absorption of lightweight aggregate and the 
lower initial moisture content of the aggregate, the bigger the reduction of water-cement ratio in fresh concrete. 
 
Nevertheless, it should be noted that the absorption of water by aggregate in pure water and in fresh concrete 
differs. As shown by Smeplass, Sandvik and Hammer [7, 8, 9], depending on rheological properties of the cement 
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paste and pore structure of the lightweight aggregate, the absorption of water from fresh concrete by the aggregate 
varies from 80 up to 100 % of the value determined by the method of immersion in water. Therefore Smeplass et al 
[7] claimed that for practical purposes it is enough to assume that aggregate absorbs from fresh concrete the amount 
of water corresponding to 90 % of WA1h. However, in the case of some aggregates, especially certain types of 
expanded clays, such an estimate may be incorrect. Punkki and Giørv [10] stated that expanded clay aggregate is 
able to absorb water from fresh concrete even after 2 hours from mixing. Moreover, it is obvious that the water 
absorption of LWA in fresh concrete must be dependent on w/c. 
 
Analyzing the phenomenon of water absorption by porous aggregate in fresh concrete, one should consider not 
only the aggregate moisture content but also its moisture state. The relationship between the initial moisture content 
in aggregate and its water absorption is different for different aggregates. As shown in [11], in comparison to 
expanded clays, the water absorption of sintered fly ashes is less dependent on moisture history determining the 
aggregate moisture state (e.g. surface wet or air dry). It means that in the case of sintered fly ash aggregate the 
procedure of aggregate moistening is of little importance for water absorption in fresh concrete, while in the case of 
expanded clay it may be crucial. 
 
The absorption of water by the aggregate in fresh concrete may be affected even by the moment of dosing the 
water reducing admixture. Punkki and Giørv [10] found out that delayed application of the admixture to concrete 
limited the absorption of water by LWA. 
1.2. Determination of water –cement ratio in LWAC 
Because the water absorption in fresh lightweight aggregate concrete is a very complex phenomenon, as has been 
proved above, it is very difficult to estimate the actual water-cement ratio of LWAC. European Standard EN 206 
offers a method to calculate the effective water-cement ratio (w/c)eff of fresh LWAC, following equation (1), as the 
ratio of effective water content weff  to cement content c. Effective water content is defined as the difference between 
the total water present in fresh concrete and the water absorbed by the aggregate content LWA. In the case of 
LWAC, the water absorption of coarse lightweight aggregate in fresh concrete shall be regarded as equal to the 
value obtained at 1 hour using the as-used moisture state instead of the oven-dry state WA1h. 
c
LWAWAw
c
w
cw heffeff
  1)/(      (1) 
Such an estimation of (w/c)eff, calculated according to formula (1), may be used for more accurate prediction of 
the hardened concrete strength or to check whether the ratio fulfils the standard requirements related to exposure 
classes. As can be seen, formula (1) does not take into account the differences in water absorption over time by 
aggregates of various pore structures. It does not consider the rheological parameters of cement paste, either.  
2. Experimental details 
The aim of the author’s own research was to assess the water–cement ratio reduction resulting from absorption of 
water by lightweight aggregate in fresh concretes of different initial water-cement ratios. The initial moisture 
content of porous aggregate and the proportion of LWA content in concrete were additional parameters taken into 
consideration in this research.  
2.1. Materials and mix proportions 
Tests were carried out on eighteen lightweight aggregate concrete mixtures, made of Portland cement CEM I 
42.5 R, tap water and sintered fly ash aggregate Pollytag 6/12 mm (Fig.1(a)). The particle density of the used 
aggregate was 1320 kg/m3. The rate of water absorption by Pollytag 6/12 mm in time is presented in Fig. 1(b). The 
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water absorption of the tested sintered fly ash stabilizes relatively quickly due to its more open pore structure and 
smaller differences between shell and interior of the particles in comparison to some expanded clays or shales. As it 
can be seen from Figure 1, there is only little difference, less than 1 percent point, between WA2min and WA30min and 
almost no difference between WA30min and WA3h. The maximum water absorption specified for the tested aggregate 
was WA max = 25 %. 
 
a)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
b)  
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. (a) Pollytag 6/12 mm;  (b) Water absorption of Pollytag 6/12 mm in time. 
Two levels of the aggregate initial moisture content were considered in the tests: mc = 0 % (designated as series 
D), corresponding to aggregate dry state, and mc = 17 % (designated as series M), corresponding to the state of the 
aggregate moistened to water content equal to aggregate water absorption after 30 minutes up to 1 hour. The 
aggregate was moistened 24 hours before preparation of the mixtures. The other parameters of the prepared mixtures 
were: nominal water-cement ratio of cement paste, assumed as 0.55, 0.46 and 0.37, designated respectively as series 
1, 2 and 3, and the ratio of cement and aggregate content: 1.68, 0.84 and 0.42, designated respectively as series A, B 
and C. Due to the high level of water absorption by dry aggregate, it was impossible to make mixtures using 
aggregate in this state and the smallest assumed cement paste content C. Such mixtures would be unworkable and 
they are not used in practice. 
 
Mix proportions of all 18 tested mixtures as well as the nominal and determined parameters are presented in 
Table 1. Mixtures were prepared by mixing the lightweight aggregate of assumed moisture content with the cement 
paste of assumed w/c in assumed mass proportions. Superplasticizer was added to pastes of w/c = 0.46 and 0.37 in 
the amount ensuring flowability similar to the cement paste of w/c = 0.55.  
2.2. Tests methods 
The tests consisted in separation of the cement paste from the aggregate after 30 minutes from the moment of 
their mixing together. Two samples were taken for each type of mixture. Then the separated cement paste was burnt 
in the temperature of 1000 oC to constant mass to determine the actual water content. To verify the correctness of 
such testing procedure, plain cement paste samples (designated as series 0) were also subject to testing. It was 
proved that in the case of all the tested reference cement pastes the actual water–cement ratios exactly corresponded 
to their assumed nominal values (Table 1).  
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Table 1. Mixture compositions, nominal and mean determined mixture parameters. 
Mix.  
series 
Mixture compositions, g Nominal mixture parameters Determined mixture parameters 
LWA 
in dried 
state 
Water 
in LWA 
Cement 
CEM I 
42.5 R 
Mixing 
water 
Super-
plasticizer 
LWA, 
% vol. 
Paste, 
% vol. w/c 
LWA’, 
% vol. 
Paste’, 
% vol. w/c’ 
10 0 0 200 110 0.0 0 100 0.55 0 100 0.55 
1MA 119 20 200 110 0.0 34 66 0.55 34 66 0.54 
1MB 119 20 100 55 0.0 51 49 0.55 51 49 0.53 
1MC 119 20 50 28 0.0 68 32 0.55 70 30 0.48 
1DA 119 0 200 110 0.0 34 66 0.55 37 63 0.46 
1DB 119 0 100 55 0.0 51 49 0.55 57 43 0.36 
20 0 0 200 90 2.0 0 100 0.46 0 100 0.46 
2MA 119 20 200 90 2.0 37 63 0.46 37 63 0.45 
2MB 119 20 100 45 1.0 54 46 0.46 54 46 0.43 
2MC 119 20 50 23 0.5 70 30 0.46 72 28 0.40 
2DA 119 0 200 90 2.0 37 63 0.46 39 61 0.38 
2DB 119 0 100 45 1.0 54 46 0.46 59 41 0.30 
30 0 0 200 69 5.0 0 100 0.37 0 100 0.37 
3MA 119 20 200 69 5.0 40 60 0.37 40 60 0.36 
3MB 119 20 100 35 2.5 57 43 0.37 58 42 0.34 
3MC 119 20 50 17 1.3 73 27 0.37 74 26 0.32 
3DA 119 0 200 69 5.0 40 60 0.37 42 58 0.29 
3DB 119 0 100 35 2.5 57 43 0.37 61 39 0.25 
3. Results and discussion 
The determined actual water-cement ratios of lightweight aggregate concrete mixtures are presented in Table 1. 
The values of actual water-cement ratios, given in the table, were calculated as average values of two measurements. 
In the case of most tested mixtures there was no difference between measurements made on these two samples. The 
maximum difference between two measurements of actual w/c obtained for the same mixture was equal to 0.01.  
 
The tests revealed that the water absorption of dry sintered fly ash aggregate in fresh concrete corresponds to 60 – 
95 % of its value specified in water, while in the case of aggregate initially moistened to mc = 17 % it was the range 
of 85 to 100 %. Therefore the thesis about sufficient accuracy of estimation of the LWA water absorption in fresh 
concrete as equal to 90 % of the value measured in water, generally cannot be accepted as true in the case of 
mixtures with Pollytag. 
 
Fig. 2. presents illustrations of the achieved reductions of water-cement ratio, resulting from absorption of mixing 
water by the lightweight aggregate. Additionally, for better visual comparison of the obtained w/c reduction, 
theoretical water-cement ratios for mixtures with saturated aggregate (mc = 25 %), which is unable to absorb any 
mixing water, are also presented in Fig. 2 as the w/c reference levels. As can be seen from the charts, the reduction 
was by up to 0.19, which corresponds to the decrease of 35 %. For the cement paste of a given nominal water-
cement ratio, the higher the volume share of LWA and the lower its initial moisture content were, the higher was the 
reduction of w/c. As a result, in the case of aggregate initially moistened to mc = 17 % at its lowest considered 
volume content (34 – 40 % vol.) the w/c reduction was negligible (by 0.01, which corresponds to the decrease of 2 – 
3 %). When the moistened aggregate share was increased to 68 – 73 %, the w/c reduction was quite pronounced (by 
0.06 – 0.07, which corresponds to the decrease of 13 – 14 %). In the case of mixtures with initially dry aggregate 
(mc = 0 %), the decrease of water–cement ratio was observed as significant even at the lowest considered volume 
content of LWA (by 0.08 – 0.09, which corresponds to the decrease of 16 – 22 %). With a larger content of dry 
aggregate (51 - 57 %), the reduction was even more considerable (by 0.12 – 0.19, which corresponds to the decrease 
of 32 – 35 %). 
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Fig. 2. Actual water-cement ratio (w/c’) for mixtures with cement pastes of different nominal water-cement ratio (w/c) and lightweight aggregates 
of different initial moisture content (mc) and different volume share (LWA). The dashed line and the value underneath represent the effective 
water – cement ratio estimated according to EN 206. 
The obtained results show that parameters of cement paste cannot be neglected in the analysis of the absorption 
of mixing water from fresh concrete by lightweight aggregate. Generally, the higher the initial water-cement ratio of 
paste, the higher its reduction, expressed as an absolute difference. It is due to the fact that a greater amount of water 
is available for absorption in pastes of higher ratio. However, the w/c decrease expressed in % is greater in the case 
of cement paste with lower initial water-cement ratio. The mean values of actual water-cement ratio determined in 
the tests were compared with the values of effective water-cement ratio estimated according to formula (1). The 
calculated values of (w/c)eff are marked with dashed red lines in Fig. 2. To calculate the effective water cement ratio, 
the following values of water absorption at 1 hour were assumed: WA1h = 17 % and WA1h = 2 %, respectively, for 
dried aggregate and aggregate initially moistened to mc = 17 %. The comparison of these two ratios, the tested and 
the estimated ones, show the excellent convergence in the case of mixtures with initially moistened aggregates. Most 
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of such mixtures revealed no difference between the specified and the calculated values. The biggest observed 
difference in these two ratios was 0.02. However, for mixtures with initially dry aggregate the difference is 
considerable and it depends on both aggregate content and the initial water – cement ratio. The greater the aggregate 
share and the lower the nominal w/c determining the LWA potential to absorb mixing water, the bigger is the 
difference between tested and estimated values of the reduced water-cement ratio. As a result, in the case of mixture 
3DB (w/c = 0.37, LWA = 57 %, mc = 0 %) the estimated effective water-cement ratio (0.17) is lower by 0.08, which 
corresponds to the decrease of 33 % in relation to the tested value (0.25). The properties of cement paste will be of 
no importance for the reduction of w/c in fresh concrete only if the water-absorption of aggregate is very low and its 
water demand may be easily satisfied even in the case of paste of low water-cement ratio. Therefore formula (1) 
probably gives better accuracy of (w/c)eff estimation for lightweight aggregates of lower ability to absorb water, 
which means aggregates of lower WAt and/or moistened to a relatively high initial moisture content in relation to 
WAt. However, it is easy to predict that application of lightweight aggregates of higher water absorption in 
comparison to sintered fly ash will lead to discrepancies in the standard estimation that are even greater than the one 
revealed in this research. Nevertheless, it should be noted that in practice aggregates of higher WAt than 15 % are 
rarely used in dry state due to technological limitations. 
4. The effect of water-cement reduction on hardened lightweight concrete 
Even a small reduction of water-cement ratio may give visible effect in strength and durability enhancement. 
However, in the case of lightweight concrete the influence of the w/c decrease on hardened concrete, resulting from 
absorption of mixing water by the aggregate, is more complex in comparison to normal-weight concrete. In LWAC 
it is the lightweight aggregate which is the weakest component of the composite. Therefore, from the theoretical 
point of view, the increment of LWA content in concrete should lead to a decrease in strength. It would be so if the 
aggregate did not absorb mixing water, e.g. owing to aggregate initial impregnation or saturation (which is not 
recommended as it would result in durability deterioration). Meanwhile, increasing the content of not fully 
moistened LWA in concrete makes it possible to obtain even higher strength due to the compensation of the higher 
content of weaker LWA by the stronger cement matrix, resulting from w/c reduction. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. The relationship of mean compressive strength of lightweight concrete and volume content of LWA (Pollytag 6/12 mm) initially 
moistened to mc = 17 %. 
In order to verify the above thesis, compressive strength tests were carried out on nine lightweight concretes and 
three cement mortars at the age of 28 days. The components used for the preparation of concretes were the same as 
applied in the previous experiment. Additionally, natural sand was used as fine aggregate, so as not to influence the 
water absorption in fresh concrete. LWA was moistened to mc = 17 % 24 hours before concrete mixing. The 
strength results, determined as mean values specified on 5 cube specimens of 150 mm side, are presented in Fig. 3. 
Strength of all the tested concretes was lower than of the mortars which were used as concrete cement matrices. 
Setting the mortars aside, it is quite visible that, at the same initial composition of mortar, the LWAC with a higher 
aggregate content exhibits higher strength, which is caused by a higher potential of the aggregate to reduce water 
content in the matrix. The increase in strength is greater in the case of higher initial w/c ratio of cement paste. It is 
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equal up to 26 %, 33 % and 37 %, respectively, for w/c = 0.37, 0.46 and 0.55. The effect would be much more 
pronounced if the initial moisture content was limited more. As a result, using dry Pollytag, it is possible – due to 
extreme reduction of w/c – to obtain even higher strength of LWAC than the mortar used as concrete cement matrix, 
which was proved by the author in other research [12]. 
 
The achieved strength results showed that in some cases it is pointless to reduce the lightweight aggregate 
content. It can bring on two negative consequences: denser and weaker concrete. 
5. Conclusions 
The carried out tests and the analysis of the obtained results show that absorption of water by lightweight 
aggregate in fresh concrete and absorption in pure water cannot be considered identical. In the case of the tested 
sintered fly ash aggregate the absorption in fresh concrete corresponds to 60 – 100 % of its value specified in pure 
water. The most important factors deciding the absorption of water by the aggregate in fresh concrete and, in turn, 
determining the reduction of water-cement ratio, are: the moisture content of LWA in relation to its water 
absorption, the LWA content and the cement paste properties. The tested concrete mixtures revealed the reduction of 
water-cement ratio by up to 0.19, which corresponds to the w/c decrease of 35 %. 
 
It was also proved that the standard estimation of effective water-cement ratio is of sufficient accuracy only in the 
case of concrete mixtures with lightweight aggregates of lower ability to absorb water, which means aggregates of 
lower water absorption and/or moistened to a relatively high initial moisture content in relation to water absorption. 
Otherwise, the influence of cement-paste properties on the reduction of water-cement ratio is so important that it 
cannot be ignored in the estimation. 
 
Verification of the reduced water-cement effect on hardened concrete revealed a significant strength increase. 
The effect was visible even in the case of concrete made of lightweight aggregate initially moistened to the level 
limiting absorption of water in fresh concrete to ca 2 %. It turns out that, although the porous aggregate is the 
weakest element in structural lightweight concrete, increasing its content in concrete may possibly enhance LWAC 
strength due to more intensive reduction of water-cement ratio in the paste.  
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